The association between sperm morphology characteristics and DNA conformation and integrity is still controversial. In bulls, major morphological sperm abnormalities have been associated with reduced fertility, and morphological assessment is used to provide an indication of potential fertility of the individual. Sperm DNA fragmentation and damage has a negative effect on embryo development and subsequently fertility, with bull spermatozoa generally displaying low levels of DNA damage and tight chromatin. However, sensitive methods for detecting chromatin damage may reveal associations with morphological defects. The objective was to determine whether morphological sperm abnormalities and variables expressing sperm DNA integrity and protamination are correlated in bulls, using the sperm chromatin structure assay (SCSA) and the sperm protamine deficiency assay (SPDA). Electroejaculated samples (n = 1009) from two-year-old tropically adapted bulls were split and fixed and submitted to microscopic sperm morphology assessment, and snap-frozen for sperm nuclear integrity assessments by SPDA and SCSA. For SPDA, the variables were defective (MCB) and deprotaminated (HCB), and for SCSA, the variables were DNA fragmentation index (DFI) and high DNA stainability (HDS). HCB correlated with DFI; sKen 2 = 0.317 and HDS; 0.098, and MCB correlated with DFI; 0.183 (p < 0.001). The percentage of morphological normal spermatozoa was correlated negatively to DFI; sKen 2 = À0.168, MCB; À0.116 and HCB; À0.137 (p < 0.001). HCB and DFI were both positively correlated to head defects, proximal droplets, and spermatogenic immaturity, but not to distal droplets, vacuoles, or diadems. Sperm DNA integrity and protamination, using the SCSA and SPDA, respectively, in bulls show associations with morphological parameters, particularly with head shape abnormalities and indicators of spermatogenic immaturity, including proximal droplets. The vacuoles and diadem defects were not correlated with sperm nuclear integrity, and hence, these are likely physiological features that may not directly affect sperm chromatin configuration.
INTRODUCTION
Sperm DNA damage does not impair fertilization of the oocyte, and however, sperm DNA integrity is vital for normal embryonic development (Fatehi et al., 2006) . Evidence in the etiology of sperm DNA fragmentation is still sparse, but three hypotheses have been developed: Defects in DNA compaction or ineffective repair of stand breaks during the reconfiguration of DNA associated with the protamine incorporation, abortive apoptosis, and finally post-spermiation as a consequence of exposure to excessive reactive oxygen species (ROS) (Aitken & Baker, 2004; Ni et al., 2016) . Increase in DNA damage in bovine spermatozoa has been confirmed to be affected by ROS postspermiation in the form of cryopreservation (Aitken & Baker, 2004) , and in particular to H 2 O 2 (G€ urler et al., 2016) , but further studies are needed to investigate the observed disturbances in DNA integrity as an effect of impaired spermatogenesis and sperm DNA configuration in bulls.
Correlations between specific sperm defects and sperm DNA integrity measured using the sperm chromatin structure assay (SCSA) have previously been described in Australian tropically adapted Tropical Composite bulls (D'Occhio et al., 2013) . It was shown that sperm head abnormalities had a relatively strong positive correlation with DNA Fragmentation Index (DFI) measured by SCSA, and significant correlations with specific sperm head defects included detached heads, pyriform heads, teratoids, and loose acrosomes. A similar study including 2-year-old tropically adapted bulls showed a negative correlation between DFI and the percentage of morphologically normal cells and a strong positive correlation between DFI and sperm head abnormalities (Fortes et al., 2012) . In the same study, a correlation was found between DFI and the presence of proximal droplets in young bulls (13 months of age), but not in the same bulls at later evaluations (18 and 24 months). Another recent study by our group (Fortes et al., 2014) confirmed these previous reports of correlations between DFI and percentage of morphologically normal spermatozoa in Brahman cattle; however, the correlation was lower than previously observed, which could possibly be ascribed to breed differences.
Our group developed a sperm protamine deficiency assay (SPDA) based on flow cytometry utilizing both ultraviolet and visible spectra of chromomycin A3 (CMA 3 ) to assess the presence of protamines on sperm DNA in bulls (Fortes et al., 2014) . This new method allowed the observation of higher variations in protamine deficiency in the bulls tested than those previously reported by fluorescence microscopy using the single spectra. In one previous study, only two of 14 bulls showed a slightly higher percentage of CMA 3 -positive sperm cells (Simoes et al., 2009 ) of 2.0%, compared to the mean of 1.1%. In another case study using the same technique, one bull sample was found to have 3.7% spermatozoa with deficient protamine (Carreira et al., 2015) . Rahman and co-workers used a single spectra assay with minor modifications and found a decrease in protamine content in bulls exposed to a testicular heat insult in the form of scrotal insulation (Rahman et al., 2011) . The study showed a higher level of protamine-deficient spermatozoa, CMA 3 -positive, in period 2 (7 days after insult) and period 3 (14 to 42 days after insult), but the level was still low (maximum 3.5%). This change coincided with morphological changes, in particular the presence of head abnormalities and nuclear vacuoles that emerged after scrotal insulation. Using the SPDA technique, we found mean values for mature bulls of high CMA 3 binding of 3.0%, and medium CMA 3 binding of 11.5% (Fortes et al., 2014) . The measures obtained from the SPDA and SCSA show a significant positive correlation between high CMA 3 binding (HCB) and DFI; however, we did not observe any significant correlation between the percentage of morphological normal spermatozoa and the sperm protamine deficiency assay measurements (Fortes et al., 2014) . In a recent study of 40 Nellore bulls, a negative correlation between bull age, and protamine deficiency and DNA fragmentation was described, with the younger bulls also displaying increased morphological sperm abnormalities . Protamine deficiency is likely one of the contributing factors to DNA instability and damage in the bull; however, further investigations into the associations between sperm DNA integrity, protamine deficiency, and specific sperm morphology are warranted (Fortes et al., 2014; Carreira et al., 2015; Kipper et al., 2017) .
The objective of this study was (i) to determine the association between the measurements for sperm DNA integrity and protamination using SCSA and SPDA, and (ii) to determine the correlations between sperm DNA integrity and protamination and specific morphological abnormalities, in two-year-old tropically adapted bulls of two breeds: Brahman and Tropical Composites.
MATERIAL AND METHODS

Animals and experimental design
The data and samples were obtained from the Cooperative Research Centre for Beef Genetics Technologies (Beef CRC). The bulls were bred as part of a large genetic study with known pedigrees, investigating the relationships between carcass, production traits, and fertility traits Corbet et al., 2013) . The experiment was under ethics approval granted by the J. M. Rendel Laboratory Animal Experimental Ethics Committee (CSIRO, Queensland) TBC107 and RH225-06. In short, Brahman and Tropical Composite bulls were managed from weaning at either the Brigalow or Belmont Beef Cattle Research Stations near Theodore and Rockhampton in central Queensland, Australia. A complete bull breeding soundness examination was conducted at two years of age . The scrotal circumference was measured using ReliaBull (Lane Manufacturing, Inc, Denver, CO, USA). Semen samples were collected via electroejaculation, and aliquots were assessed microscopically for sperm mass activity and motility, as in the Australian standard for bull breeding soundness evaluations (Fordyce et al., 2006) . An aliquot was fixed in PBS-glutaraldehyde (0.2%) for sperm morphology, and a second aliquot (500 lL) was snap-frozen in liquid nitrogen and placed in a À80°C freezer until further analysis using SCSA and SPDA. Studies have indicated that there is no effect of storage on SCSA variables (Evenson & Jost, 2000) .
The animals included in the trial were Brahman (n = 592) and Tropical Composite (n = 538) mature bulls. To be included, each bull had to have a complete bull breeding soundness exam dataset including a semen sample collected using electroejaculation between 21 and 25 months of age (to ensure sexual maturity Tatman et al., 2004; Burns et al., 2013) in the November to October collection period (to reduce seasonal variation), sperm morphology data, and one snap-frozen sample available for SCSA and SPDA. It was found retrospectively that some samples did not have associated morphology assessments conducted. Bulls with missing values were excluded from the dataset. The resulting dataset included a total of 1009 bulls with paired data included a detailed sperm morphology assessment, and samples for SCSA and SPDA; Brahman (n = 508) and Tropical Composite (n = 501). The bulls were composed of four cohorts according to the years 2007 (n = 224), 2008 (n = 371), 2009 (n = 294), and 2010 (n = 120).
Unless stated otherwise, all reagents and chemicals were purchased from Sigma-Aldrich Co. LLC (Camp Hill, NSW, Australia).
Sperm morphology
The standard fixed unstained wet mount method was used for sperm morphology assessment. Sperm morphology assessment of minimum 100 spermatozoa per sample was determined by examining a thin cover-slip preparation of semen using differential interference contrast microscopy (magnification 91000). Spermatozoa were classified according to the classification system previously described (Fordyce et al., 2006) by an Australian Cattle Vets accredited sperm morphologist. The morphology assessment was completed within 6 months of collection. The classification system identified five overall categories as previously described (Fordyce et al., 2006; Burns et al., 2013) ; PNS (percentage of morphologically normal spermatozoa) head 628 Andrology, 2018, 6, 627-633 abnormalities (including the subcategories detached, pyriform, tapered, microcephalic, macrocephalic, teratoids, knobbed acrosomes, nuclear vacuoles, diadem, rolled, flattened acrosomes, immature cells, nuclear crest, double head, and loose acrosomes), midpiece abnormalities (including the subcategories abaxial, broken necks, bent, distal reflex, Dag defect, segmental aplasia), tail abnormalities (including the subcategories; reflex, coiled, stump, multiple), and cytoplasmic droplets (including the subcategories proximal, distal). In addition to PNS, head abnormalities, midpiece abnormalities, tail abnormalities, cytoplasmic droplets (proximal and distal), the following variables were also included in the analysis; proximal droplets, distal droplets, head vacuoles (including the subcategories diadem and nuclear vacuoles), nuclear formation defects (including the subcategories pyriform, tapered, microcephalic, macrocephalic, rolled), and spermatogenic immaturity (including the subcategories teratoid and double head).
Sperm chromatin structure assay and sperm protamine deficiency assay
Samples were thawed at 37°C for 3 min in a water bath, and the sperm concentration of each sample was determined using the Improved Neubauer chamber, before SCSA and subsequently SPDA were performed. Sperm concentration was also included as a trait not previously measured on the samples. For SCSA, the original description by Evenson and Jost (Evenson & Jost, 2000) was used, with minor modifications (Fortes et al., 2012) . Semen samples were diluted with TNE buffer (0.15 M NaCl, 0.01 M Tris-HCl, 1 mM EDTA, pH 7.4) to obtain a sperm concentration of 6-10 9 10 6 sperm/mL, and a volume of 100 lL.
Immediately hereafter, 200 lL acid detergent solution (0.08 M HCl, 0.15 M NaCl, 0.1% v/v Triton X-100, pH 1.2) was added. After exactly 30 sec, 600 lL of AO staining solution containing 6 lg Acridine Orange (chromatographically purified; Polysciences Inc, Warrington, PA, USA) per mL buffer (0.037 M citric acid, 0.126 M Na2HPO4, 1.1 mM disodium EDTA, 0.15 M NaCl, pH 6.0) was added. Flow cytometric analysis of samples was conducted on the Beckman Coulter Gallios flow cytometer (Beckman Coulter Inc., Miami, FL, USA) at the low flow rate, using the 488-nm solid-state laser. Fluorescence was detected on FL1 (525BP40 filter), FL3 (620BP30 filter), and FL4 (675BP20 filter). The data acquisition was started exactly 3 min after the addition of the acid detergent solution. Each sample was run in duplicate, and 10,000 events were acquired. After every six test samples, a reference sample was thawed and analyzed to ensure the stability of the instrument. SPDA was conducted in sets of six samples, and the process was initiated immediately after the completion of the duplicate SCSA analysis of the sixth sample. SPDA was conducted according to our previous publication (Fortes et al., 2014) . The thawed semen sample was diluted to 50 9 10 6 sperm/mL in Dulbecco's PBS (DPBS; Ca 2+ and Mg 2+ free) and washed by centrifugation at 500 g for 5 min. The pellet was re-suspended into DPBS, split into two aliquots, and incubated for 15 min at 37°C in the treatments: (i) no treatment and (ii) pooled six samples treated with 5 mM dithiothreitol (DTT; positive control). All samples were washed by centrifugation at 500 g for 5 min and suspended in 0.25 mg/mL CMA 3 in McIlvaine's buffer (17 mM citric acid, 164 mM Na 2 HPO 4 , and 10 mM MgCl 2 .6H 2 O; pH 7.0) and incubated at room temperature for 1 h in the dark. Finally, the samples were washed three times by centrifugation at 500 g for 5 min and the concentration was adjusted to 5-10 9 10 6 sperm/ was used to analyze the flow cytometry list mode data files from both the SCSA and SPDA analysis. The batch processing tool was used after careful adjustment of the two analysis protocols. For the SPDA, the percentage of spermatozoa with low CMA 3 binding (% intact protamine, LCB), spermatozoa with medium CMA 3 binding (% protamine deficient, MCB), and spermatozoa with high CMA 3 binding (% deprotaminated, HCB) was determined, as described (Fortes et al., 2014) including the supplementary material for this publication. For SCSA, the variables were percentage of spermatozoa with DNA Fragmentation Index (DFI) and High DNA stainability (HDS) as described (Evenson & Jost, 2000) .
Statistical analysis
Statistical data analysis was carried out using STATISTICA for WIN-DOWS (version 13, StatSoft, Inc, Tulsa, OK, USA). Test statistic with p < 0.05 was determined to be statistically significant. Friedman's ANOVA was used to compare variables that were measured from each split sample to determine whether there are significant differences among variables with regard to their proportion within sample. Kendall-tau coefficient of concordance enables assessment of correlation between variables per case or sample. The Kendall-tau rank coefficient was used to establish whether measured variables were statistically dependent without any assumptions on the distributions and representation of probability.
A repeated measures ANOVA with the post hoc Tukey's honest significant difference test was carried out on the DNA integrity measures when the data were categorized into 'tick, pass, fail' semen quality groups based on the percentage of morphologically normal spermatozoa. The category 'tick' was equivalent to PNS ≥70%, 'pass' was defined by PNS between <70% and ≥50%, and 'fail' was equivalent to PNS <50%.
RESULTS
To be included in this study, the animals had to be able to produce a semen sample using electroejaculation with sufficient spermatozoa to allow for sperm morphology analysis. For the 1009 animals included in the final dataset, the mean scrotal circumference was 31.18 cm (SD 2.91), sperm motility 75.25% (SD 20.18) , and concentration 248 9 10 6 sperm/mL (SD 239.72).
There were no significant differences between Brahman and Tropical Composite bulls or the four cohort years for all variables for spermatozoa chromatin structure; DFI, HDS, LCB, MCB, and HCB, nor the morphological variables. The overall descriptive statistics for the semen traits are shown in Table 1 . The mean for the 1009 samples for DFI was 7.32%, MCB; 6.38%, and HCB 4.74%. The mean PNS was 71.64%. The highest correlation between the DNA configuration variables was between HCB and DFI (sKen 2 = 0.317; p < 0.001), and between MCB and DFI (sKen 2 = 0.183; p < 0.001). The correlations between the variables obtained using SPDA and SCSA are shown in Table 2 .
The percentage of morphological normal spermatozoa was significantly and negatively correlated to DFI (sKen 2 = À0.168), MCB (sKen2 = À0.116), and HCB (sKen2 = À0.137). For the specific morphological defects, DFI, MCB, and HCB were correlated positively to the presence of cytoplasmic droplets; specifically proximal droplets but not to distal droplets. Also, significant positive correlations for the chromatin parameters, DFI, MCB, and HCB, were found for head abnormalities, in particular spermatogenic immaturity. A significant but negative correlation was found between the same measurements and head vacuoles and tail abnormalities, respectively (Table 3) .
When conducting a bull breeding soundness examination in a commercial field setting, it is common to categorize the ejaculates using three thresholds for PNS: ≥70% (Tick), ≥50 to <70% (Pass), and <50% (Fail). Significant differences were detected for DFI, MCB, and HCB between the three threshold groups and the mean value increased progressively for all three variables (Fig. 1) .
DISCUSSION
The present study is the first large study on a genetically welldefined group of tropically adapted bulls describing variables related to both sperm DNA integrity, protamination and sperm morphology. The study clearly shows a large variation between mature bulls in relation to sperm DNA integrity and protamination.
In humans, a strong positive correlation (r 2 = 0.86) was first shown between protamine-deficient chromatin and DNAexhibiting endogenous nicks using in situ nick-translation (Manicardi et al., 1995) , and since then, CMA 3 staining has been used in the analysis of human semen in numerous studies. In a recently published meta-analysis of 12 selected studies, on the relationship between DNA damage protamine ratio and male fertility, it was concluded that sperm DNA damage was closely positively related to protamine deficiency. The combined correlation coefficient was r 2 = 0.53 (Random effects, 95% CI 0.28-0.71, Z = 3.87), but with a stronger correlation with CMA 3 staining rather than with the P1/P2 ratio (Ni et al., 2016) . In domestic species, only very few studies have published correlations between protamine deficiency using CMA 3 staining and DNA damage. In designing the study, we selected two sensitive and objective methods based on flow cytometry for detecting sperm chromatin structure; DNA fragmentation (SCSA) (Evenson, 2016) and sperm protamination (SPDA) (Fortes et al., 2014) . This is the first study to include a considerable number of paired samples to elucidate this correlation in bulls. Highly significant values of correlation were obtained between the DFI and both MCB, and HCB, representing the medium and high protamine-deficient categories. This reflects that high binding with CMA 3 is significantly associated with defective sperm DNA integrity in bulls, and illustrates that protamine deficiency very likely affects the sperm DNA integrity.
The mean value of spermatozoa with normal protamination (LCB) was 88.9%, which supports the previous finding of 85.4% in the smaller study of 133 bulls (Fortes et al., 2014) . Similarly, the mean value for DFI was comparable between our two studies with 7.3% vs. 5.4% in the previous study, and both studies included young mature tropically adapted bulls. In a study of 40 Nellore bulls, it was found that younger bulls, at a comparable age, had a significantly higher percentage of spermatozoa with protamination deficiency, with a mean of 1.57%, compared to adult and senile bulls . The study used solely the argon laser (488 nm) with the filter (530BP30 nm) to detect the staining CMA 3 pattern as described by Tavalaee et al. (2010) , and therefore, this measure is likely more comparable to the HCB parameter (mean 4.74%). In other studies with a smaller number of bulls, maximum values of between 2.0 and 3.7% (Simoes et al., 2009; Rahman et al., 2011; Carreira et al., 2015) were obtained, based on methods using either single laser flow cytometry or microscopy. We can only speculate on the Table 1 Descriptive statistics for sperm DNA integrity traits and morphology from Brahman and Tropical Composite 2-year-old bulls (n = 1009). Sperm chromatin structure assay (SCSA) variables; DFI (DNA Fragmentation Index) and HDS (High DNA stainability) and sperm protamine deficiency assay (SPDA) variables; low CMA 3 binding (% intact protamine, LCB), medium CMA 3 binding (% protamine deficient, MCB), and high CMA 3 binding (% deprotaminated, HCB). The morphological variables include percent morphological normal spermatozoa (PNS) and specific sperm abnormalities Table 2 Correlations between sperm DNA integrity measured as DFI (DNA Fragmentation Index) and HDS (high DNA stainability) using the sperm chromatin structure assay (SCSA), and sperm protamine deficiency measured as low CMA 3 binding (% intact protamine; LCB), medium CMA 3 binding (% protamine deficient; MCB), and high CMA 3 binding (% deprotaminated; HCB) using the sperm protamine deficiency assay (SPDA), in 2-year-old Tropical Composite and Brahman bulls (n = 1009). Correlations presented as Kendall-tau rank coefficients differences in levels of deprotamination between these studies and our results. However, differences between animals and semen collection methods, and very likely laboratory techniques including the sensitivity of instruments should be emphasized. The MCB measure and the total CMA 3 -positive cells (HCB and MCB) population detected using the SPDA protocol (Fortes et al., 2014) are of particular interest when interpreting the correlation to individual sperm morphology variables and sperm DNA fragmentation. The mechanistic hypothesis that a decrease in sperm protamination may result in disturbance of sperm DNA integrity is highly plausible. The supportive evidence is the direct link between morphological features like spermatogenic immaturity, DNA fragmentation, and sperm deprotamination. The correlation between sperm morphology, particularly specific sperm head defects, and sperm DNA integrity has been investigated to the conclusion that bull spermatozoa showing damaged DNA are commonly associated with major morphologic sperm abnormalities (Enciso et al., 2011) . However, the general view is that sperm DNA fragmentation is an independent parameter that adds and complements information on the quality of the semen sample (Evenson, 2016) . In a previous study in scrotal insulated bulls, it was shown that %COMPa (current terminology; DFI) was not correlated with the appearance of diadems in the ejaculate postinsulation . Our results support this finding suggesting that diadems and head vacuoles do not indicate a disturbance in chromatin condensation with respect to sperm DNA integrity or protamination in bulls. Nevertheless, we did find positive correlations with spermatogenic immaturity, which included the morphological defect subcategories of teratoids and double heads, and all measurements recorded for DNA integrity and protamination. A recent study indicated that younger bulls (Nellore; mean 1.9 years) may likely be in a state of emerging spermatogenic maturity, evidenced by a higher level of teratospermia, DNA fragmentation, and decreased protamination using a CMA 3 microscopy-based method, compared to older bulls . A study conducted on the same groups of bulls further indicated that sperm head was morphologically larger in the younger bulls . Older studies have shown that sperm DNA fragmentation is highly correlated with the appearance of decapitated, pyriform, severely abnormal, and randomly vacuolated spermatozoa (Acevedo, 2001) . This indicates that the disturbance of head conformation, rather than the appearance of vacuoles, should be considered to be the greatest morphological indicator of chromatin instability. This study also supports that the morphological alterations attained during spermatogenesis in the testis may be more important than later oxidative configurations and excessive ROS in DNA damage. Results reported here and those of Kipper et al. (2017) support the theories that sperm DNA defects in the bull originate as a consequence of failure to repair DNA breaks after the exchange of histones by protamines, and defective protamination, or DNA damage resulting of an 'abortive apoptosis'.
The significant correlation between the presence of a proximal cytoplasmic droplet and both DNA integrity and protamination should be further emphasized. The cytoplasmic droplet is Table 3 Correlations between sperm DNA integrity measured as DFI (DNA Fragmentation Index) and HDS (high DNA stainability) using the sperm chromatin structure assay (SCSA), and sperm protamine deficiency measured as low CMA 3 binding (% intact protamine, LCB), medium CMA 3 binding (% protamine deficient, MCB), and high CMA 3 binding (% deprotaminated, HCB) using the sperm protamine deficiency assay (SPDA), and specific sperm abnormalities, including percentage of morphologically normal spermatozoa (PNS), in 2-year-old tropically adapted bulls (n = 1009). Correlations presented as Kendall-tau rank coefficients considered a defect in ejaculated spermatozoa, and in the bull, most droplets are shed at the annular region of the distal midpiece during epididymal transit or ejaculation. Proximal droplets are considered a sign of abnormal spermatogenesis and often associated with decreased semen quality, and however, distal droplets are considered less severe (Barth & Oko, 1989) . Proximal droplets in the mature spermatozoa may be either a consequence of disrupted maturation phase in the epididymis or an effect of a disturbance during differentiation of the spermatid. This second phase is also associated with the progressive condensation of the nucleus, the incorporation of protamines, and formation of disulfide bonds. In humans, cytoplasmic retention or droplets contain enzymes which support the generation of ROS, which in turn can cause sperm membrane damage and DNA fragmentation. On the other hand, the view that the proximal droplet is only a symptom, or marker, of other structural abnormalities has long been suggested, particularly in the bull (Barth & Oko, 1989) . It is clear that most yearling beef bulls with a high incidence of spermatozoa with proximal droplets (>30%) have severely compromised fertility in vitro, with low binding and zona pellucida penetration (Amann et al., 2000) ; however, the causative link is not clear. We found that when applying the threshold levels for the percentage of morphologically normal spermatozoa, 'Tick', 'Pass' and 'Fail', the mean values for both deprotamination (MCB and HCB) and DNA fragmentation (DFI), increased. The variation also increased concurrently indicating that sperm morphological defects and sperm DNA fragmentation as well as protamine deficiency are associated. Despite correlations between certain sperm morphological parameters and sperm chromatin deficiency and DNA integrity, it is paramount to approach semen analysis in a multifaceted way, encompassing multiple sperm parameters in the analysis (Amann & Hammerstedt, 1993) .
This study showed for a large number of samples from 2-yearold tropically adapted bulls, correlations between sperm DNA integrity and protamine deficiency and sperm morphology, providing supportive evidence for the hypothesis that sperm chromatin configuration is important for DNA integrity. The study also confirms that both sperm chromatin composition and sperm DNA integrity are associated with sperm morphology. In particular, the presence of spermatogenic immature cells, cytoplasmic proximal droplets, and head shape alterations were correlated with both sperm DNA integrity and protamine deficiency. The absence of correlations between sperm vacuoles and diadems, and chromatin condensation supports that these defects may be of less functional importance, with respect to DNA integrity, in this species. Further studies into the heritability and genetics of the phenotypic traits of sperm chromatin condensation to further elucidate the role and etiology of sperm DNA damage, and potential identification of markers related to sperm or semen quality, are warranted.
